Living polymerization discovered by Professor Szwarc is well known to all chemists. Some of the living polymerizations involve dormancy, a process in which there is an equilibrium (or at least exchange) between two types of living polymers, namely active at the given moment and dormant at this moment and becoming active in the process of activation. These processes are at least equally important although less known. This mini review is devoted to these particular living polymerizations, mostly polymerizations by the Ring-Opening Polymerization mechanisms (ROP) compared with some selected close to living vinyl polymerizations (the most spectacular is Atom Transfer Radical Polymerization (ATRP)) involving dormancy. Cationic polymerization of tetrahydrofuran was the first one, based on equilibrium between oxonium ions (active) and covalent (esters) dormant species, i.e., temporarily inactive, and is described in detail. The other systems discussed are polymerization of oxazolines and cyclic esters as well as controlled radical and cationic polymerizations of vinyl monomers.
Introduction
Professor Michael (Michał in Polish) Szwarc's contributions to the chemical science are not only related to polymers and to his discovery of living and (less known) dormant polymers [1] . Dormant polymers, reversibly formed from the active ones, are at the basis of several living/controlled polymerizations described in the present paper.
Moreover, Professor Szwarc is also well known for his work on the bond energy (continued for some time in Syracuse) and on the electron transfer phenomena [2, 3] .
In 1956, during discussion with Samuel Weissman on the electron transfer in aromatic compounds, Szwarc asked Weissman about styrene (cit.) "Did you transfer electrons to styrene?" The answer he received was: (cit.) "No use, it polymerizes" [4] . Szwarc then realized that electron transfer in the case of styrene not only leads to polymerization, but also to creation of living active species which was indicated by the persistent red color. Since then, working with his students/coworkers, Moshe Levy, Ralph Milkovich, Joseph Jagur, Johannes Smid and several postdocs, he has answered all major questions concerning the anionic polymerization, and is acknowledged by all chemists to be the "father of the living polymerization". Thus, despite his other important contributions to chemistry, the discovery of the living and dormant polymers is rightly considered to be his greatest achievement. In the recently published "Perspectives" by Grubbs and Grubbs [5] , it is amply shown that discovery
Dormant Species in the Ring-Opening Polymerization (ROP)
Probably, the first process that would be called today "living-dormant" was described by Flory already in 1944 for an anionic polymerization of ethylene oxide in the presence of an alcohol (Scheme 1) [27] . This process leads to the Poisson distribution of molar masses derived based on this polymerization [27, 28] . Scheme 1. An anionic polymerization of ethylene oxide in the presence of an alcohol.
As follows from Scheme 1, R'OH is the chain transfer agent that is present from the beginning of the polymerization (at first, as a low molar mass alcohol and later as macro alcohol). RO(CH2CH2O)CH2CH2OH is at the same time a chain transfer agent and a dormant, temporarily inactive polymer chain, reversibly converting in the reaction with macroanion R'O − into an active form-a living macromolecule.
In several, later studied ring-opening polymerizations, living-dormant interconversions take place. However, species that look dormant may not necessarily be "completely inactive" and may retain partial activity as it has been documented in the polymerization of tetrahydrofuran (THF) initiated with triflic acid (trifluoromethane sulfonic acid, TfOH) [29] , or in the polymerization of oxazolines initiated with alkylhalides [30] . In these systems, dormant macromolecules may have some activity yet many times less than the active ones and rightly could be considered as dormant.
The equilibrium involving active and dormant macromolecules that takes place in the ROP of THF initiated by TfOH is given in Schemes 2-5 [31] . Due to the relatively slow ion-ester exchange rate (on the NMR time scale), both the covalent species and the ion pairs can be traced by 1 H-NMR ( Figure 1 ). Their relative concentrations strongly depend on the polarity of the solvent [31] .
The conversion of the covalent species into the ionic ones proceeds with an anchimeric assistance (a neighboring group participation), and therefore is much faster than the reaction of the monomer with the covalent species (Scheme 3). This is a unimolecular opposed reaction (an ion pair is kinetically one species), and since its rate is sufficiently low, its rate constant was measured by 1 H-NMR [32] . It has been noticed that the direct covalent growth cannot take place, as it is forbidden by the symmetry rules. Covalent species may grow only by intermolecular conversion into ionic species, larger by one unit, when the macroester Scheme 1. An anionic polymerization of ethylene oxide in the presence of an alcohol.
As follows from Scheme 1, R'OH is the chain transfer agent that is present from the beginning of the polymerization (at first, as a low molar mass alcohol and later as macro alcohol). RO(CH 2 CH 2 O)CH 2 CH 2 OH is at the same time a chain transfer agent and a dormant, temporarily inactive polymer chain, reversibly converting in the reaction with macroanion R'O´into an active form-a living macromolecule.
The equilibrium involving active and dormant macromolecules that takes place in the ROP of THF initiated by TfOH is given in Schemes 2-5 [31] .
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Scheme 3. The intramolecular conversion of the covalent species (macroesters) into the ionic (macroion pairs) in the polymerization of THF initiated with TfOH.
Scheme 4.
The intermolecular conversion of a macroester in reaction with a monomer molecule into an oxonium ion in the polymerization of THF initiated with TfOH. [31] , the scale is in τ units).
The intermolecular conversion of a macroester in reaction with a monomer molecule into an oxonium ion in the polymerization of THF initiated with TfOH.
The complete set of equilibrating species in polymerization of THF initiated with triflic acid or its esters is schematically presented in Scheme 5 [33] .
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The complete set of equilibrating species in polymerization of THF initiated with triflic acid or its esters is schematically presented in Scheme 5 [33].
Scheme 5. The set of ion-ester equilibria in the polymerization of THF initiated with TfOH.
In the polymerization of THF initiated by triflic acid the rate constants for the various conditions have been measured. Since the detailed discussion of the mechanism of an ionic and a covalent propagation and determination of the rate constants is out of the scope of this paper, the interested reader may find these information in [31] [32] [33] . Nevertheless, establishing those kinetic parameters allowed determination the times of an average macromolecule to exist in ionic and covalent state. Furthermore, it could be calculated how many monomer molecules are added at these periods of time. These findings are illustrated below.
The record of life of a macromolecule that undergoes interconversions between active and dormant states can be visualized as sections marked on the line, where the lengths of these sections are equal to the time spent in a given state (Scheme 6). Thus, an average macromolecule propagates on ionic species for a certain time, adding X monomer molecules, then the ion-pair collapses into the covalent species. If these are sufficiently less reactive than the ionic species (kp >> kci), or unreactive at all, then the covalent species are dormant ones. Then, the macromolecule spends some time as an inactive (dormant) and recovers to the ionic state due to internal or external ionization (kci and/or kci'). In Scheme 7, it is shown how these active and inactive periods oscillate in the polymerization of THF in two solvents of different polarity (CCl4 and CH3NO2).
Thus, even in CCl4, where a macromolecule is in a dormant state much larger than in an ionic state (124 s vs. 8.1 s), there is approximately 10 times larger number of monomer molecules introduced into the chain by ionic chain ends. This ratio is even more than 500 in CH3NO2 solvent.
We have described the ionic polymerization of THF in some details, since it is the most general one (for ROP) and, moreover, the most thoroughly studied. Other polymerizations, e.g., polymerization of oxazolines or even the controlled radical polymerization, either proceed in the same way or are almost identical kinetically [34] . In the polymerization of THF initiated by triflic acid the rate constants for the various conditions have been measured. Since the detailed discussion of the mechanism of an ionic and a covalent propagation and determination of the rate constants is out of the scope of this paper, the interested reader may find these information in [31] [32] [33] . Nevertheless, establishing those kinetic parameters allowed determination the times of an average macromolecule to exist in ionic and covalent state. Furthermore, it could be calculated how many monomer molecules are added at these periods of time. These findings are illustrated below.
The record of life of a macromolecule that undergoes interconversions between active and dormant states can be visualized as sections marked on the line, where the lengths of these sections are equal to the time spent in a given state (Scheme 6). Thus, an average macromolecule propagates on ionic species for a certain time, adding X monomer molecules, then the ion-pair collapses into the covalent species. If these are sufficiently less reactive than the ionic species (k p >> k ci ), or unreactive at all, then the covalent species are dormant ones. Then, the macromolecule spends some time as an inactive (dormant) and recovers to the ionic state due to internal or external ionization (k ci and/or k ci' ).
We have described the ionic polymerization of THF in some details, since it is the most general one (for ROP) and, moreover, the most thoroughly studied. Other polymerizations, e.g., polymerization of oxazolines or even the controlled radical polymerization, either proceed in the same way or are almost identical kinetically [34] .
Scheme 6. Periods of activity and inactivity (dormancy).
In Scheme 7, it is shown how these active and inactive periods oscillate in the polymerization of THF in two solvents of different polarity (CCl 4 and CH 3 NO 2 ).
Thus, even in CCl 4 , where a macromolecule is in a dormant state much larger than in an ionic state (124 s vs. 8.1 s), there is approximately 10 times larger number of monomer molecules introduced into the chain by ionic chain ends. This ratio is even more than 500 in CH 3 NO 2 solvent.
We have described the ionic polymerization of THF in some details, since it is the most general one (for ROP) and, moreover, the most thoroughly studied. Other polymerizations, e.g., polymerization of oxazolines or even the controlled radical polymerization, either proceed in the same way or are almost identical kinetically [34] . Polymerization of oxazolines (OX), with the interconversion between living and dormant species, has been elaborated in detail by Saegusa and Kobayashi [35, 36] . More recently, kinetic analysis of these systems has been given by Dworak [37] .
The alkyl halides, in order to grow as such (covalent directly to covalent), must form the fourmembered transition state, which is forbidden according to the symmetry rules. Thus, for the propagation to proceed, an interconversion of covalent-dormant species into the ionic ones is required. Ionization of covalent dormant species proceeds as for the polymerization of THF, almost exclusively intramolecularly (Scheme 8). Dworak has calculated, that intermolecular ionization with participation of monomer, in order to be competitive, would require the impossible to reach concentration of the monomer equal to ~10 3 mol/L. Scheme 8. Polymerization of oxazoline with iodomethane [35, 36] .
In all these systems, the interconversions are fast comparing with the rates of growth. Thus, there are several interconversions for one monomer molecule that reacted in an act of propagation [37] .
Active-Dormant Interconversion in Polymerization of Cyclic Esters
The first catalytic system, successfully used in the polymerization of cyclic esters, was based on metal alkoxides (e.g., aluminum isopropoxide) and the polymerization could be considered as living Scheme 7. Conditions: [THF] 0 = 8 mol¨L´1; 25˝C [26, 34] , where τ is time, X is the number of monomer molecules, and indexes i, c, p and d stand for ionic and covalent propagation and depropagation, respectively.
Polymerization of oxazolines (OX), with the interconversion between living and dormant species, has been elaborated in detail by Saegusa and Kobayashi [35, 36] . More recently, kinetic analysis of these systems has been given by Dworak [37] .
The alkyl halides, in order to grow as such (covalent directly to covalent), must form the four-membered transition state, which is forbidden according to the symmetry rules. Thus, for the propagation to proceed, an interconversion of covalent-dormant species into the ionic ones is required. Ionization of covalent dormant species proceeds as for the polymerization of THF, almost exclusively intramolecularly (Scheme 8). Dworak has calculated, that intermolecular ionization with participation of monomer, in order to be competitive, would require the impossible to reach concentration of the monomer equal to~10 3 mol/L. Polymerization of oxazolines (OX), with the interconversion between living and dormant species, has been elaborated in detail by Saegusa and Kobayashi [35, 36] . More recently, kinetic analysis of these systems has been given by Dworak [37] .
The first catalytic system, successfully used in the polymerization of cyclic esters, was based on metal alkoxides (e.g., aluminum isopropoxide) and the polymerization could be considered as living Scheme 8. Polymerization of oxazoline with iodomethane [35, 36] .
The first catalytic system, successfully used in the polymerization of cyclic esters, was based on metal alkoxides (e.g., aluminum isopropoxide) and the polymerization could be considered as living and controlled. One of the first comprehensive papers discussing this issue has been published by the Liège group of Teyssié, Jerome and Dubois [38] .
Aluminum isopropoxide exists in solutions as a mixture of a trimer and tetramer (Scheme 9).
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and controlled. One of the first comprehensive papers discussing this issue has been published by the Liège group of Teyssié, Jerome and Dubois [38] . Aluminum isopropoxide exists in solutions as a mixture of a trimer and tetramer (Scheme 9).
Scheme 9. Trimer (A3) and tetramer (A4).
There was a long-lasting controversy, whether all alkoxy groups initiate or only some of them. This controversy has been resolved in our institute, as we have shown in the polymerization of ε-caprolactone (CL) that in non-protonic solvents and at 25 °C in the mixture of a trimer and tetramer only trimer (cf. Scheme 9) initiates. When monomer conversion is complete, the tetramer remains intact [39] . On the other hand, Kricheldorf used higher temperatures (close to 100 °C) which caused all the alkoxy groups to be active (although the proportions of trimer and tetramer were not known) [40] . This means that at these conditions "dormant tetramer" has enough time to be converted into reactive trimer before polymerization is over. The difference in reactivities of trimer and tetramer stems from the fact, that in trimer the central Al atom is pentacoordinated and in tetramer hexacoordinated. Hexacoordinated atom does not have any coordination sites left to coordinate the monomer (cf. Scheme 9). Apparently, coordination with the central atom is a necessary condition for initiation. This may account, as Szwarc pointed out while discussing this system [25] (p. 123), for the thousand-fold faster reaction of trimer [39] .
In many other systems, initiators and/or growing ionic macromolecules may form aggregates and only unimers are reactive or one of the forms of aggregates. Not knowing these subtle differences and not realizing the presence of inactive-dormant isomers, one may easily incorrectly determine concentration of active centers, and, as follows, the involved rate constants of elementary reactions.
In the polymerization of cyclic esters formation of dormant aggregated macromolecules has been first shown for CL and L-lactide (LA), initiated by dialkylalkoxy aluminums, for which a kinetic equation has been developed. This allows simultaneous determination of the degree of aggregation "m", equilibrium constant and rate constants of propagation [8] . In this case, the extent of aggregation can also be determined first from the dependence of the log of rate of polymerization, rp on log [P*]total ([P*]total = [I]0), where [P*]total is the total concentration of the active and dormant speciesinstantaneously active and dormant [41] . The corresponding kinetic system is shown in Scheme 10. The specific solution of equations describing this system for m = 2 has been given by Szwarc [25] (p. 108) and the general solution for any "m" has been proposed later [8] . There was a long-lasting controversy, whether all alkoxy groups initiate or only some of them. This controversy has been resolved in our institute, as we have shown in the polymerization of ε-caprolactone (CL) that in non-protonic solvents and at 25˝C in the mixture of a trimer and tetramer only trimer (cf. Scheme 9) initiates. When monomer conversion is complete, the tetramer remains intact [39] . On the other hand, Kricheldorf used higher temperatures (close to 100˝C) which caused all the alkoxy groups to be active (although the proportions of trimer and tetramer were not known) [40] . This means that at these conditions "dormant tetramer" has enough time to be converted into reactive trimer before polymerization is over. The difference in reactivities of trimer and tetramer stems from the fact, that in trimer the central Al atom is pentacoordinated and in tetramer hexacoordinated. Hexacoordinated atom does not have any coordination sites left to coordinate the monomer (cf. Scheme 9). Apparently, coordination with the central atom is a necessary condition for initiation. This may account, as Szwarc pointed out while discussing this system [25] (p. 123), for the thousand-fold faster reaction of trimer [39] .
In the polymerization of cyclic esters formation of dormant aggregated macromolecules has been first shown for CL and L-lactide (LA), initiated by dialkylalkoxy aluminums, for which a kinetic equation has been developed. This allows simultaneous determination of the degree of aggregation "m", equilibrium constant and rate constants of propagation [8] . In this case, the extent of aggregation can also be determined first from the dependence of the log of rate of polymerization, r p on log [P*] total ([P*] total = [I] 0 ), where [P*] total is the total concentration of the active and dormant species-instantaneously active and dormant [41] . The corresponding kinetic system is shown in Scheme 10. The specific solution of equations describing this system for m = 2 has been given by Szwarc [25] (p. 108) and the general solution for any "m" has been proposed later [8] .
In the polymerization of cyclic esters formation of dormant aggregated macromolecules has been first shown for CL and L-lactide (LA), initiated by dialkylalkoxy aluminums, for which a kinetic equation has been developed. This allows simultaneous determination of the degree of aggregation "m", equilibrium constant and rate constants of propagation [8] . In this case, the extent of aggregation can also be determined first from the dependence of the log of rate of polymerization, rp on log [P*]total ([P*]total = [I]0), where [P*]total is the total concentration of the active and dormant speciesinstantaneously active and dormant [41] . The corresponding kinetic system is shown in Scheme 10. The specific solution of equations describing this system for m = 2 has been given by Szwarc [25] (p. 108) and the general solution for any "m" has been proposed later [8] . If, based on Scheme 10, we assume that:
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As the rate of the polymerization equals:
The combination of these two equations leads to (full derivation is given in [8] ):
Thus, "m" is known, and k p and K a can be determined from Equation (2) The combination of these two equations leads to (full derivation is given in [8] 
Plots showing the dependence of polymerization rate on the initial concentration of an initiator in the polymerization of ε-caprolactone (CL) with various R2AlOR'alcoholates are given in Figure 2 .
Depending on the structure of active species and conditions of polymerization, propagation proceeds on the species that either retain their integrity independently of concentration (green squires) or partially aggregate into the temporarily inactive species as described by the Equation (2) .
The ability to aggregate and the size of the aggregates depend on the entourage of the active species. Thus, for R2AlOR' as an initiator, there is aggregation into trimer when R = C2H5, into a dimer for i-C4H9 and no aggregation when active species are solvated by amino ligands. The absence of aggregation for propagation on Al(i-OPr)3 (not shown) is particularly spectacular, since the initiator itself is highly aggregated (cf. above) and disaggregates upon propagation, when i-OPr groups on the Al atoms are converted into macromolecules.
The presented method (Equation (2)) of analysis of polymerizations with aggregation of active centers that leads to dormancy allowed analyzing the already published data not only for ROP but also for some vinyl polymerizations (Figure 3) . Depending on the structure of active species and conditions of polymerization, propagation proceeds on the species that either retain their integrity independently of concentration (green squires) or partially aggregate into the temporarily inactive species as described by the Equation (2) .
The ability to aggregate and the size of the aggregates depend on the entourage of the active species. Thus, for R 2 AlOR' as an initiator, there is aggregation into trimer when R = C 2 H 5 , into a dimer for i-C 4 H 9 and no aggregation when active species are solvated by amino ligands. The absence of aggregation for propagation on Al(i-OPr) 3 (not shown) is particularly spectacular, since the initiator itself is highly aggregated (cf. above) and disaggregates upon propagation, when i-OPr groups on the Al atoms are converted into macromolecules.
The presented method (Equation (2)) of analysis of polymerizations with aggregation of active centers that leads to dormancy allowed analyzing the already published data not only for ROP but also for some vinyl polymerizations (Figure 3 ). [45] ). Graph has been taken from our paper [8] .
In Figure 4 , two chosen dependences from Figure 3 are analyzed according to Equation (2) . The rates of polymerization (with 1-m exponent) are plotted against the total concentration of the active centers (equal to the starting concentration of an initiator multiplied by rp −m ). The straight lines provide kp from intercepts and Ka from the slopes. It is shown in the original paper that improper values of m do not give straight lines. Figure 3 . Graphs have been taken, as above, from [8] .
The determined in this way values of constants have been found practically equal to the values measured by the authors of the original papers who were using numerical method of fitting. It proves the utility of the linear analytical approach and the corresponding equation that gives an access to the analytical description of the polymerization with a reversible formation of dormant aggregates. [42] ). Pink: An anionic polymerization of methyl methacrylate with Li + cation, in THF as a solvent, at´65˝C (the experimental data taken from [43] ). Blue: The polymerization of oxirane on´CH 2 CH 2 O´, Cs + ion pairs, in THF as a solvent, at 70˝C (the experimental data taken from [44] ). Red: The polymerization of hexamethylcyclotrisiloxane (D 3 ) on´Si(CH 3 ) 2 O´, Li + ion pairs, in THF as a solvent, at 22˝C (the experimental data taken from [45] ). Graph has been taken from our paper [8] .
In Figure 4 , two chosen dependences from Figure 3 are analyzed according to Equation (2) . The rates of polymerization (with 1-m exponent) are plotted against the total concentration of the active centers (equal to the starting concentration of an initiator multiplied by r p´m ). The straight lines provide k p from intercepts and K a from the slopes. It is shown in the original paper that improper values of m do not give straight lines. [45] ). Graph has been taken from our paper [8] .
The determined in this way values of constants have been found practically equal to the values measured by the authors of the original papers who were using numerical method of fitting. It proves the utility of the linear analytical approach and the corresponding equation that gives an access to the analytical description of the polymerization with a reversible formation of dormant aggregates. Figure 3 . Graphs have been taken, as above, from [8] .
The determined in this way values of constants have been found practically equal to the values measured by the authors of the original papers who were using numerical method of fitting. It proves the utility of the linear analytical approach and the corresponding equation that gives an access to the analytical description of the polymerization with a reversible formation of dormant aggregates. Sn(Oct) 2 /ROH catalyzed/initiated polymerization of cyclic esters will be discussed separately for its importance in a commercial polymerization of LA in the melt and a wide application in research works on a cyclic esters polymerization (altogether over 1000 papers, according to the Web of Sci.). In polymerization of cyclic esters Sn(Oct) 2 as such is not active. It gains the activity only after the reaction with, e.g., alcohols, when it is converted first into mono-and finally into dialkoxy tin (Sn(OR) 2 ) (cf. Scheme 11). Sn(Oct)2/ROH catalyzed/initiated polymerization of cyclic esters will be discussed separately for its importance in a commercial polymerization of LA in the melt and a wide application in research works on a cyclic esters polymerization (altogether over 1000 papers, according to the Web of Sci.). In polymerization of cyclic esters Sn(Oct)2 as such is not active. It gains the activity only after the reaction with, e.g., alcohols, when it is converted first into mono-and finally into dialkoxy tin (Sn(OR)2) (cf. Scheme 11). Dialkoxy tin formally behaves as other metal alkoxides [38] . The alcohol added to the system acts both as an initiator and as a chain transfer agent, which reversibly forms dormant species until it becomes an end group of a macromolecule (Scheme 12). Dialkoxy tin formally behaves as other metal alkoxides [38] . The alcohol added to the system acts both as an initiator and as a chain transfer agent, which reversibly forms dormant species until it becomes an end group of a macromolecule (Scheme 12). Sn(Oct)2/ROH catalyzed/initiated polymerization of cyclic esters will be discussed separately for its importance in a commercial polymerization of LA in the melt and a wide application in research works on a cyclic esters polymerization (altogether over 1000 papers, according to the Web of Sci.). In polymerization of cyclic esters Sn(Oct)2 as such is not active. It gains the activity only after the reaction with, e.g., alcohols, when it is converted first into mono-and finally into dialkoxy tin (Sn(OR)2) (cf. Scheme 11). Dialkoxy tin formally behaves as other metal alkoxides [38] . The alcohol added to the system acts both as an initiator and as a chain transfer agent, which reversibly forms dormant species until it becomes an end group of a macromolecule (Scheme 12). Figure 5 .
Dormancy in Sn(
Approximately tenfold excess of BuOH over Sn(Oct) 2 is needed to convert all Sn(Oct) 2 in the system into active species. When no BuOH is added, M n of the obtained polymer approaches 10 5 and apparently traces amounts of H 2 O or other proton donors present in the system serve as a coinitiator.
According to Figure 5 , at first, the rate of the polymerization increases with increasing [n-BuOH] (the active species are formed according to Scheme 11) and then it reaches a plateau when the concentration of active sites becomes invariant. Since the number of active species is constant and P n is equal to the [monomer] 0 /[BuOH] 0 ratio at complete conversion, the system is both living and controlled.
Scheme 12.
Chain transfer and creation of dormant species in the polymerization of ε-caprolactone with the Sn(Oct)2/ROH system. The [ROH]0/[Sn(Oct)2]0 ratio first strongly influences the rate of the polymerization until it reaches plateau. The established relationship is illustrated in Figure 5 . [LA] eq )}/t) on [n-BuOH] 0 ) at constant concentration of Sn(Oct) 2 = 0.05 mol¨L´1. Polymerization at 50˝C, in THF solvent. The numbers on the plot relate to M n values [46] .
Apparently, a similar (formally) mechanism takes place for the polymerization of LA initiated/catalyzed by a strong base (e.g., 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU)) and an alcohol. When alcohol is absent, then as it has been shown by Waymouth, macrocyclic PLA are formed [47, 48] .
Recently, a comprehensive study of the lactide LA polymerization with DBU/alcohol has been published [49] . This study encompasses the earlier works and shows, in agreement with previous observations, a simultaneous coexistence of an unreacted DBU, DBU H-bonded with growing macromolecules and dormant HO-ended macromolecules. Authors have shown that when sufficient excess of an alcohol over DBU is used, the process involves activated alcohol pathway, in which growing species are presented as activated -OH growing species (Scheme 13). However, since termination has been found, it is considered living and controlled only in a certain region of concentrations of monomer, DBU and an alcohol, as well as only at limited conversion and polymerization degree. Approximately tenfold excess of BuOH over Sn(Oct)2 is needed to convert all Sn(Oct)2 in the system into active species. When no BuOH is added, Mn of the obtained polymer approaches 10 5 and apparently traces amounts of H2O or other proton donors present in the system serve as a coinitiator.
According to Figure 5 , at first, the rate of the polymerization increases with increasing [n-BuOH] (the active species are formed according to Scheme 11) and then it reaches a plateau when the concentration of active sites becomes invariant. Since the number of active species is constant and Pn is equal to the [monomer]0/[BuOH]0 ratio at complete conversion, the system is both living and controlled.
Recently, a comprehensive study of the lactide LA polymerization with DBU/alcohol has been published [49] [42] . This study encompasses the earlier works and shows, in agreement with previous observations, a simultaneous coexistence of an unreacted DBU, DBU H-bonded with growing macromolecules and dormant HO-ended macromolecules. Authors have shown that when sufficient excess of an alcohol over DBU is used, the process involves activated alcohol pathway, in which growing species are presented as activated -OH growing species (Scheme 13). However, since termination has been found, it is considered living and controlled only in a certain region of concentrations of monomer, DBU and an alcohol, as well as only at limited conversion and polymerization degree.
Related way of formation of dormant macromolecules has also been postulated for other strong base + alcohol systems [48] as well as for catalyst acting simultaneously as initiator (INICAT) [50] . In the latter system, we postulated the following equilibrium with formation of dormant species as shown in Scheme 15.
Polymers 2017, 9, 644 13 of 18
Scheme 15. The proposed intramolecular mechanism of active-dormant interconversion for 3-[(4,5-dihydro-1H-imidazol-2-yl)amino]-propanol INICAT system (in [50] the intermolecular activation has also been discussed).
Formation of Dormant Species in Polymerizations of Vinyl Monomers
In this subsection, formation of dormant species in the active inactive interconversion in vinyl polymerization will be briefly presented for comparison with ROP.
The best known example of such transformation is an anionic polymerization of dienes with Li + counterion discussed in papers by Szwarc, Bywater and Fetters [25] (p. 34). The aggregation in this system gives a very good example of dormant species formation. However, discussion used to be so extensive and so well known that we will restrain ourselves from getting into any details.
No less spectacular is the "Controlled Radical Polymerization: CRP" of vinyl monomers. In CRP, stable (persistent) radicals are used that are able to react with growing macroradicals, forming dormant species, although are unable to initiate polymerization or to react between themselves. The inactivating agents are in the so called "nitroxide moderated polymerization" (mostly 2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMPO)) itself and its numerous derivatives (Scheme 16) [51] . The creation of dormant macromolecules in CRP of styrene with TEMPO is presented in Scheme 17. Scheme 15. The proposed intramolecular mechanism of active-dormant interconversion for 3-[(4,5-dihydro-1H-imidazol-2-yl)amino]-propanol INICAT system (in [50] the intermolecular activation has also been discussed).
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No less spectacular is the "Controlled Radical Polymerization: CRP" of vinyl monomers. In CRP, stable (persistent) radicals are used that are able to react with growing macroradicals, forming dormant species, although are unable to initiate polymerization or to react between themselves. The inactivating agents are in the so called "nitroxide moderated polymerization" (mostly 2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMPO)) itself and its numerous derivatives (Scheme 16) [51] . The creation of dormant macromolecules in CRP of styrene with TEMPO is presented in Scheme 17.
Scheme 16. TEMPO-a stable radical. interconversion in vinyl polymerization will be briefly presented for comparison with ROP.
Even more widely used is the process known as atom transfer radical Polymerization (ATRP), discovered in 1995 by Matyjaszewski [11] . This process involves a reversible reaction of the macroradicals with Cu II salts, that provides reversible radical complex which is neither able to initiate polymerization, nor to react with itself (like TEMPO), (Scheme 18).
extensive and so well known that we will restrain ourselves from getting into any details.
No less spectacular is the "Controlled Radical Polymerization: CRP" of vinyl monomers. In CRP, stable (persistent) radicals are used that are able to react with growing macroradicals, forming dormant species, although are unable to initiate polymerization or to react between themselves. The inactivating agents are in the so called "nitroxide moderated polymerization" (mostly 2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMPO)) itself and its numerous derivatives (Scheme 16) [51] . The creation of dormant macromolecules in CRP of styrene with TEMPO is presented in Scheme 17. stable (persistent) radicals are used that are able to react with growing macroradicals, forming dormant species, although are unable to initiate polymerization or to react between themselves. The inactivating agents are in the so called "nitroxide moderated polymerization" (mostly 2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMPO)) itself and its numerous derivatives (Scheme 16) [51] . The creation of dormant macromolecules in CRP of styrene with TEMPO is presented in Scheme 17. Even more widely used is the process known as atom transfer radical Polymerization (ATRP), discovered in 1995 by Matyjaszewski [11] This process involves a reversible reaction of the macroradicals with Cu II salts, that provides reversible radical complex which is neither able to initiate polymerization, nor to react with itself (like TEMPO), (Scheme 18). The fast buildup of M n+1 ·LX (e.g., Cu II Cl2/ligand) establishes the persistent radical effect and controls termination [9, 11] . However, in radical polymerizations at least some termination by combination or disproportionation of the macroradicals is inevitable. Nevertheless, conditions have been found allowing carrying the polymerization to the full monomer conversion with only a few percent of macromolecules terminated at the end of the process. To the same category belongs Reversible addition-fragmentation chain-transfer polymerization (RAFT), as described in Reference [52] .
The cationic polymerization can also be a controlled process if the nucleophiles are introduced into the system converting reversibly the instantaneously active into the dormant ones (Scheme 19). This process, at certain conditions, is well controlled. It is not living, since carbocations easily undergo proton transfer (except at very low temperatures).
The cationic vinyl polymerization with added nucleophiles has been comprehensively described in terms of reversible formation of dormant species in the Sigwalt's laboratory [53] (Scheme 20). Indeed, Sigwalt has measured the ratio kp/ktr in systems with and without nucleophiles and have found the same values [54] . Thus, it has been clearly demonstrated that the only propagating species are usual carbocations and the other species, formed in reaction with nucleophiles, are just nonpropagating, dormant macroions (oxonium, ammonium ions, etc.). These onium cations reversibly form back carbocations. Therefore, controlled polymerization, close to the living, results from The fast buildup of M n+1¨L X (e.g., Cu II Cl 2 /ligand) establishes the persistent radical effect and controls termination [9, 11] . However, in radical polymerizations at least some termination by combination or disproportionation of the macroradicals is inevitable. Nevertheless, conditions have been found allowing carrying the polymerization to the full monomer conversion with only a few percent of macromolecules terminated at the end of the process. To the same category belongs Reversible addition-fragmentation chain-transfer polymerization (RAFT), as described in Reference [52] .
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The cationic vinyl polymerization with added nucleophiles has been comprehensively described in terms of reversible formation of dormant species in the Sigwalt's laboratory [53] (Scheme 20) . Indeed, Sigwalt has measured the ratio k p /k tr in systems with and without nucleophiles and have found the same values [54] . Thus, it has been clearly demonstrated that the only propagating species are usual carbocations and the other species, formed in reaction with nucleophiles, are just non-propagating, dormant macroions (oxonium, ammonium ions, etc.). These onium cations reversibly form back carbocations. Therefore, controlled polymerization, close to the living, results from formation of dormant macromolecules in the reaction of macrocations with nucleophiles. Polymerization becomes much slower and better conditions for the control of the process are provided.
been found allowing carrying the polymerization to the full monomer conversion with only a few percent of macromolecules terminated at the end of the process. To the same category belongs Reversible addition-fragmentation chain-transfer polymerization (RAFT), as described in Reference [52] .
The cationic vinyl polymerization with added nucleophiles has been comprehensively described in terms of reversible formation of dormant species in the Sigwalt's laboratory [53] (Scheme 20). Indeed, Sigwalt has measured the ratio kp/ktr in systems with and without nucleophiles and have found the same values [54] . Thus, it has been clearly demonstrated that the only propagating species are usual carbocations and the other species, formed in reaction with nucleophiles, are just nonpropagating, dormant macroions (oxonium, ammonium ions, etc.). These onium cations reversibly form back carbocations. Therefore, controlled polymerization, close to the living, results from formation of dormant macromolecules in the reaction of macrocations with nucleophiles. Polymerization becomes much slower and better conditions for the control of the process are provided.
In this way, the original idea, that addition of nucleophiles (ethers, esters, sulfides) forms a new kind of active (i.e., growing) species has finally been put to rest. Thus, let us quote Szwarc, who had written on this subject: "No new mechanism operates 'living' cationic polymerization. Neither does a new kind of species participate in these polymerizations" [25] p. 142). It has to be understood that onium ions are not propagating by themselves. Formation of dormant species has also been shown in styrene cationic polymerization initiated by protonic acids. Even though the cationic polymerization of styrene initiated by perchloric acid (HClO4) does not have the importance of ATRP, it has to be at least briefly mentioned, as it has triggered several further works involving dormant species. It shows additionally that the same system, depending on conditions (e.g., temperature), is living, living/dormant or just with termination.
During the cationic polymerization of styrene initiated with HClO4, carried out at −97 °C, conversion of styrene stops at a certain conversion, that depends on the [styrene]0/[HClO4]0 ratio [55] [48] . One molecule of acid produces at this temperature one macromolecule. This result is explained by the collapse of the living ion pairs and formation of the unreactive polystyrylperchloric ester (it cannot e.g., ionize back, transfer a proton and form any species able to restart polymerization at this temperature). Choosing proper [styrene]0/[HClO4]0 ratio polymerization may go to completion, showing then typical features of living/controlled process. Thus, in terms of our pictograms (as above for THF), there is one period of growth and, after collapse of counterions, the system is not active anymore. This process is a termination reaction (Scheme 20). The perchloric ester at this temperature is not dormant, but just the termination product. If, however, the ratio [styrene]0/[HClO4]0 is properly chosen, then, polymerization may go to completion. At higher temperatures (e.g., −70 °C), the conversion of macroion into macroester is reversible and polymerization can be carried out to completion-the formed ester is a dormant species. Nevertheless, at still higher temperatures (e.g., at r.t.) the proton transfer takes place and up to 100 unsaturated macromolecules are formed from one acid molecule.
A similar system, namely with HOSO2CF3 as an initiator, has been discussed in details by Vairon, who has determined the involved lifetimes in the stop flow experiments [56] . At some conditions, there is a living polymerization with dormant species, at higher temperatures termination takes place.
Conclusions
The major common feature of the presented processes, both in ROP and in some vinyl polymerizations, is the fast interconversion between active and dormant species. Then, only a fraction of all macromolecules can propagate instantaneously. The total lifetime of an average macromolecule is much higher with an introduction of dormant species, as it is a sum of the time of activity and dormancy. The periods of activity and dormancy are characterized by the ka/kd (rate constants of activation/deactivation) ratio that can be altered by experimentalist by choosing proper components of the system. An important result of the slowing down is the ability of all macromolecules to start polymerization at the same time leading to polymers of low dispersity if the rate of exchange growing dormant is fast in comparison with the rate of propagation. In this way, polymerizations Scheme 20. The polymerization of styrene with HClO 4 to partial conversion only.
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Scheme 17. CRP of styrene with TEMPO [52] .
dormant is fast in comparison with the rate of propagation. In this way, polymerizations known for the long time as notoriously not living and without control are converted into systems with these desired features.
More examples of the formation of the dormant macromolecules in ROP and in vinyl polymerizations (e.g., in so-called "group transfer polymerization") could be given, however the discussed examples are the most representative ones and the described phenomena also apply to other cases.
